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Introduction

The propulsion element of the NASA Advanced Subsonic Technology (AST) initiative is

directed towards increasing the overall efficiency of current aircraft engines. This effort

requires an increase in the efficiency of various components, such as fans, compressors,

turbines etc. Improvement in engine efficiency can be accomplished through the use of

lighter materials, larger diameter fans and/or higher-pressure ratio compressors. However,

each of these has the potential to result in aeroelastic problems such as flutter or forced

response. To address the aeroelastic problems, the Structural Dynamics Branch of NASA

Glenn has been involved in the development of numerical capabilities for analyzing the

aeroelastic stability characteristics and forced response of wide chord fans, multi-stage

compressors and turbines.

In order to design an engine to safely perform a set of desired tasks, accurate information of

the stresses on the blade during the entire cycle of blade motion is required. This requirement

in turn demands that accurate knowledge of steady and unsteady blade loading is available.

To obtain the steady and unsteady aerodynamic forces for the complex flows around the

engine components, for the flow regimes encountered by the rotor, an advanced compressible

Navier-Stokes solver is required. A finite volume based Navier-Stokes solver has been

developed at Mississippi State University (MSU) for solving the flow field around multistage

rotors. The focus of the current research effort, under NASA Cooperative Agreement NCC3-

596 was on developing an aeroelastic analysis code (entitled TURBO-AE) based on the

Navier-Stokes solver developed by MSU. The TURBO-AE code has been developed for

flutter analysis of turbomachine components and delivered to NASA and its industry

partners. The code has been verified, validated and is being applied by NASA Glenn and by

aircraft engine manufacturers to analyze the aeroelastic stability characteristics of modem

fans, compressors and turbines.



Summary of Accomplishments

Version 4 of the TURBO-AE code was developed, checked and delivered to NASA and its

industry partners. In this version of code, all possible inter-blade phase angles are analyzed

using a single blade passage by incorporating phase-lagged boundary conditions. Both

direct-store and Fourier-decomposed methods have been implemented into the code for the

phase-lag analysis. In the direct-store method, all the relevant information are stored for

lagging (time-shifting) the passage boundary conditions by the appropriate phase. Since the

flow variables for the passage fluid boundaries need to be stored for the oscillation cycle, this

method can become prohibitive in regards to memory requirements. Memory requirements

on CRAY computers can be reduced by using the solid-state devices (ssds) to read and write

instead of storing the variables within the core memory. This option, however, is not

feasible within a work-station environment. To alleviate the problem on work-stations, a

Fourier-decomposition analysis method was implemented. In this method, the time variation

of the flow variables at the passage boundary was decomposed into their Fourier coefficients

and only relevant coefficients were stored. This significantly reduces the storage

requirement, however, the computational time is increased as Fourier decomposition as well

as reconstruction of flow variables from the stored Fourier coefficients are required at each
time step.

Both of these methods were implemented into the TURBO-AE code. The code has been

verified by applying it to a helical fan and released to NASA and its industry partners. Some

of the results obtained from this version of the code are summarized in Refs. [1,2]. Further

code validation results are summarized in Ref. [3].

Modification of the TURBO-AE, code in order to perform forced response calculations was

started. The 3-D unsteady boundary conditions, developed by researchers at UTRC [2],

currently does not allow disturbances to enter the computational domain. In other words, it

only allows disturbances to propagate out of the domain. Work was also started with the

ultimate aim of understanding the unsteady boundary conditions and modifying them for

forced response calculations. This modification requires coding changes to allow for

prescribed disturbances from outside the domain to propagate into the computational
domain.

Drs. R. Srivastava and M. A. Bakhle, both of the University of Toledo, held two workshops,

for the industry partners and the Air Force, at NASA Glenn. The workshops provided the

potential users of TURBO-AE all the relevant information required to prepare the input data,

execute the code, interpret the results and benchmark the code on their computer systems.

Technical support was also provided to researchers at NASA and to the industry partners

who are currently using the code.
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ABSTRACT

In the present work a comparative study of phase-

lagged boundary condition methods is carried out.

The relative merits and advantages of time-shifted

and the Fourier decomposition methods are compared.

Both methods are implemented in a time marching

Euler/Navier-Stokes solver and axe applied to a flat plate
helical fan with harmonically oscillating blades to perform

the study. Results were obtained for subsonic as well as

supersonic inflows. Results for subsonic inflow showed

good comparisons with published results and between the

two methods along with comparable computational costs.
For the supersonic inflow, despite the presence of shocks

at the periodic boundary results from both the methods

compared well, however, Fourier decomposition method

was computationally more expensive. For linear flowfield
Fourier decomposition method is best suited, especially
for work-station environment. The time-shifted method

is better suited for CI_-kY category of computers where

fast input-output devices axe available.

INTRODUCTION

Numerical aeroelastic analysis methods have been

developed using both two-dimensional and three-

dimensional aerodynamics. Srivastava eta!. (1998) have

provided a good reference for these methods. The meth-
ods based on two-dimenslonal aerodynamics are fast but

ignore the real physical effects of three-dimensional flows.

The three-dimensional analyses captt_re all the required

physics but axe much more computationally expensive.

"Senior Research Associate, also Resident Research Associate,
NASA LewisResearchCenter
tD[stinguishedUniversityProfessor
:Ma_ager,Ma_:hineDynamicsBranch

More so for analyses of inter-blade phase angles (IBPAs)

requiring large number of blade passages to be included
in the analysis. To reduce computational time, especially

for smaller IBPoA. vibrations, several phase-lagged meth-

ods have been reported in the past. Erdos et at. (1977)

were the first to develop an analysis based on direct-
store method. The direct-store method stores all the

relevant fluid properties over the oscillation cycle which

is applied with appropriate lag for the IBPA being an-

alyzed. Though, no loss in fidelity occurs, the method

requires significant additional memory and becomes pro-

hibitlve for large three-dimensional problems. Another

method, known as time-inclined computational plane ap-

proach, was proposed by Giles (1988) primarily to over-
come the problem encountered in rotor-stator applica-

tions where no finalperiodic state exists. This method

requires transforming the original governing equation to

account for the tilting of the time plane. He (1989) pro-

posed a shape-correction method for applying the phase-

lagged boundary conditions that did not have the storage
penalty associated with the direct-store method. In the

shape-correction method, the v-a.dation of fluid properties

over an oscillation cycle is decomposed into its Fourier

coefficientsand only the coefficientsare stored.These co-

eF_cientsare used laterto regeneratethe fluidproperties

as required. Later,He and Denton (1994) e.mended the

method to three-dimensions.Peitsch,Gallus and Weber

(1996) proposed a vaziationof the dizect-storemethod

to reduce the si:oragerequirements, using a Zfoothold

tech_que" that storesthe fluidpropertiesonly at cer-

tain footholdpoints.The propertiesat other pointsover

the oscillationcycleisobtained by interpolationfrom the

nearestfootholdpoint.

Except forthe Giles'_time-tilting'_method, which re-

quizes transformingthe governLng equations,the above

Presented at the International Gas Turbine & Aeroengine ConGress& Exhibition
Inc_ianapolis,Indiana_ June 7--J;ne 10 1999



methods are based on either the direct-store method or

the shape-correction method. The direct-store method

requires large in core memory for storing the flowfield
properties over the oscillation cycle. On a CIL&¥ type

machine where solid state devices (SSDs) can be used for

fast input-output, the memory requirements of the direct-

store method can be _ed. The Fourier decompo-

sition method does not require large data storage, how-

ever, additional computational time is required to Fourier

decompose and then regenerate the fluid properties us-
ing stored coefficients. Unlike the direct-store method,

it relies on superposidon making the problem essentially

linear. Linearity may be of concern for problems where

strong vibrating shocks are present at the periodic pas-

sage boundary. Further, because of the lag associated in

enforcing the _phase-lag', the rate of convergence also

becomes an issue for the two methods. Clearly, there are

advantages and disad_rantages associated with both the

methods. It is not clear if one method is superior to the

other. The present study attempts to highlight the advan-

tages of one method over the other, given the problem of

interest and resources at hand. Towards this goal, the pri-
mary objective of the present study is to implement both

phase-lagged methods into one solver. Both the methods

are then applied to identical problems in order to investi-

gate their relative advamages.

In the present work, the two methods are implemented
within the TURBO-AE code. The TURBO-AE code is

currently under development at NASA Lewis Research

Center. The details of the code along with several results

have been reported by the authors of this paper in Bakhle

e.+ a/(1996, 1997). This analysis can analyze flutter for all

the possible IBPAs. Srivastava e_ al. (1998) implemented
the time-shifted method based on direct-store method and

validated and verified the analysis with previously pub-

lished results. In the present work the Fourier decompo-

sition method with multiple updates per oscillation cycle

is implemented within the TURBO-A_E and the program

is applied to a fiat plate helical fan. The obtained results

are compared for accuracy and computational efficiency

for each of the two methods. To reduce computational

cost, results are obtained using inviscid calculations.

THE TURBO-AE CODE

The aeroelastic solver TURBO-AE is described in brief

in this section. Interested readers may refer to Bakhle

et al (1996, 1997) for greater details. The details of the

time-shifted boundary conditions are described in Sriva-_-

tara et al. (1998). The Fourier decomposition method is

based on the method proposed by He (1989). TURBO-

AE is based on an Euler/Navier-Stokes unsteady aero-

dynamic solver TURBO (Janus 1989), for internal flow

calculations of axial flow turbomachJ.ner_" component

TL'RBO-AE can model multiple blade rows undergoh

harmonic oscillations with arbitrary IBPAs. The aerod

namic loads are obtained by solving the unsteady E

ler or Navier-Stokes equations. For the viscous calc

latious, Reynolds-averaged Navier-Stokes equations a

solved. The Baldwin-Lomax equations are used to rood

the turbulence. The aerodynamic equations are solved tr

hag a finite volume scheme. Flux vector splitting is use
to evaluate the flux Jacobians on the left hand side. Tt

right hand side fluxes are discretized using the higher o

der Total Variation D_hing (TVD) scheme based ¢

Roe's flux difference splitting. Newton sub-iterations

used at each time step to maintain the higher accurac

Symmetric Gauss-Sidel iterations are applied to the di

cretized equations. A newly developed three-dimension

non reflecting boundary condition (Montgomery and Ve

don 1997) is applied at the upstream and downstrea
boundary. The blade motions are at a prescribed fr

quency, and are simulated using a dynamic grid deform

tion technique. The grid is updated at each time step |

recalculating the grid using linear interpolation, assumh

the far field boundaries to be fixed. The grids on the ca

Lug are, however, allowed to slide along the casing. T]
aeroelastic characteristics of the rotor are obtained by ca

culating the energy exchange between the vibrating blac

and its surrounding fluid. A positive work on the blac

indicates instability (Bakhle et al. 1996).

NUMERICAL RESULTS

Sample results obtained from TI0-RBO-AE for phas,

lagged boundary conditions are presented in this sectio_

Results are obtained for a flat plate helical fan conii_

uration used by Montgomery and Verdon (1997). T_

fan configuration consists of 24 fiat plate blades with ze:
thickness enclosed within a rigid cylindrical duct with

tip-gap. At mid-span, the stagger angle is 45 ° and the gs

to chord ratio is one. Results are presented for two di

ferent inflow conditions at mid-span: a subsonic relati_
inflow Mach number of 0.7 at zero incidence with axi;

Mach number of 0.495 and a supersonic relative infio
Mach number of 1.3 at zero incidence with axial Ma(

number of 0.9192.

The grid used for the analysis is an H-O type grid wit:

141 points in the streamwise direction, 11 points in th
spanwise direction and 41 points in the blade to blad

direction. The aeroelastic analysis is carried out by firs

obtaining a steady aerodynamic solution for the given coz
ditions, l_rom this steady solution, the unsteady solutio:

is started by forcing the blades to undergo a harmonic mc

tion at the given frequency, mode shape and IBPA. Th

unsteady aerodynamic behavior, as well as work-per-cycl



calculatedfortheoscillatingblades.
A comparison of results from TURBO-A.E, a linearized

Euler analysis (Montgomery and Verdon 1997) and a two

dimensional linear theory (Smith 1972) is shown in Figs.
1 & 2 at the subsonic relative inflow condition. These

results are reproduced here from Srivastava st s] (1998)

for sake of completeness. A good comparison with lin-

ear theory and linearizedanalysisindicates the unsteady

aerodynamic behaviorpredictedby TURBO-AE tobe ac-

curate.
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Figure 1: Unsteady pressure difference variation with
chord at told-span for 0 deg IBPA pitching oscillations

The phase-laggedanalysiswas carriedout nex'tforthe
subsonicrelativeinflowcondition.The bladeswere forced

intoa pitchingoscillationabout theirmid-chord at a re-

duced frequency of one and -90 deg IBPA. The analy-

siswas carriedout using both the time-shiftedand the

Fourier decomposition methods. Two differentanalyses

were performed for the Fourier decomposition method.

In one ofthe analysesone Fouriercoef_dent was retained

and the coefficientwas updated only once per oscillation

cycle. In the other analysisthe coe_cient was updated

four times during each oscillationcycle.The multipleup-

dates of the coefficientsisexpected to provide a faster

convergence. The time-shiftedanalysishas been previ-

ously validatedby Srivastavaet a/ (1998). The results

obtained fortheFourierdecomposition method axe,there-

fore,compared with the resultsobtained from the time-

shiftedmethod to ascertainthe accuracy of the Fourier

decomposition method. These resultsare shown inFigs.

3 & 4. In Fig. 3 the variationof totalwork-per-cyclewith

oscillationcycleisshown. Itcan be seen that the Fourier-
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Figure 2: Unsteady pressure difference variation with

chord at mid-span for 180 deg IBPA plunging oscillations

decomposition method with multipleupdates per cycleis

the fastestto converge with singleupdate per cyclebe-

ing the slowest. However, the three analyses eventually
converge within 0.1% of each other, indicating that once

convergence is achieved the results are same. This is fur-

ther verified by comparing the unsteady pressure differ-

ence variation along chord at told-span.The comparison

for the three analyses is shown in Fig. 4. A very good

comparison is obtained. This indicates that the results

from the Fourier decomposition method are as accurate
as the time-shifted analysis. It also indicates that the

four updates per cycle converges much faster than single

update, hence in all subsequent work four updates per os-

cillation cycle will be used for the Fourier-decomposition
method.

For the subsonic inflow condition, the analysis was also

carried out using four blade-passages in order to simulate

the -90 ° IBPA condition. Using four blade-passage anal-
ysis provides the most accurate results as no approxima-

tions are involved. The phase lagged conditions introduce

errors into the analysis especially since the conditions at

the start of the analysis a_e not known. Comparisons with

four-blade-passage analysis also provide a means to mea-
sure the benefits of phase-lagged boundary conditions in

terms of savings of computer resources. The results ob-

tained for the four-passage analysis are compared with the
results obtained from the time-shifted and the Fourier-

decomposition methods. The convergence of work-per-

cycle for the three analysis methods is shown in Fig. 5.

For the four passage analysis, as expected, the total work
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ses forMc_=0.7 and -90 deg IBPA
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Figure 5: Comparison of work-per-cycleconvergence fo_

phase-laggedanalyseswith multiple passage analysisfor

M_=0.7 and -90 deg IBPA

for all the four passages coalesce. Also, the four passage

analysis takes approximately four to five oscillation cy-

cles to converge. The time-shifted analysis, shown with

dashed lines, requires approximately eight cycles, whereas

the Fourier-decomposition method converged in five to six
oscillation cycles. The total work from the three analysis

methods converge to within 0.5% of each other. This in-

dicates that the three methods are equally accurate. This

is further confirmed by comparing the unsteady pressure

difference va_dation, Fig. 6. Once again a very good com-

parison is obtained indicating accuracy is not a concern

for phase-lagged boundary conditions for the conditions
where fiow_eldcan be assumed linear.

From theseresultsitcan be seen that the four-passage

analysisrequiresthe leastnumber ofoscillationcyclesto

converge,whereas the time-shiftedanalysisrequiresthe

largestnumber of cycles. However, the computational

cost for the four-passageanalysiswas largest. This is

because the analysishad to be carriedout using four-

passages as opposed to a singlepassage for phase-lagged

analyses. This reduced the problem sizeof the phase-

la_ed analysisto one fourth that of the four-passage

analysis. The smaller number of cycles required for con-

vergence do not sufficiently offset the increase in com-

putational cost for the multiple passage analysis. Fur-

ther, despite the difference in rate of convergence for

the time-shifted analysis and the Fourier-decomposition

method, the computational costs required for convergence

are fairly comparable, see Table 1. This is because of the

4
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increased computational cost required by the Fourier de-

composition method to Fourier decompose and regenerate

the fluid properties is offset by increased rate of conver-

gence. It should also be noted here that the memory re-

quirements of the time-shifted analysis can be reduced by

using the SSDs available on the CKAY computers. The

SSDs help reduce the memory requirements significantly

for a marginal increase in the computation cost of reading

and writing to the disk.

All of the above analyses were carried out on a CP_Y

C-90 computer. The computer resources required are tab-
ulated in Table 1. The CPU time required per time step

shows the additional cost per time-step for the Fourier de-

composition method over the time-shifted method. This

increase in time, however, is more than compensated for

by increased rate of convergence. Also, for the current

problem, using the Fourier decomposition method reduces

the memory by over 50% as compared to the time-shifted

analysis. Also, it cau be seen that despite the faster rate

of convergence for the four-passage analysis the CPU re-
quirements are almost three times as much as that of the

phase-lagged methods. This difference will increa-_e sig-
nificantly for analyzing the smaller IBPAs requiring many

more blade passages for the multiple passage analysis. Es-
pecially since the rate of convergence for the time-shifted

analysis is independent of the IBPA being analyzed (Sri-

vastava et a_ 1998). Also, from Table 1 it appears that the

Fourier-decomposition method with multiple updates of

the coefficient and the time-shifted method may be com-

parable in CPU requirements. Therefore, the choice of the

particular method will depend on the available resources

and the problem being analyzed. For problems where flow

behavior can be assumed linear, superposition is not of

concern, the Fourier-decomposition method is best suited

irrespective of the resources available. For problems where

nonlinearity may be of concern time-shifted method may

have to be used, especially if SSDs are available.

The two methods were next applied to a supersonic in-

flow condition to help evaluate the effectiveness and prob-

lems that Fourier-decomposition method might have for

fows with nonlinearities. The analysis was carried out for

+90 deg and -90 deg IBPA. The flow condition is subres-

onant (waves propagating for supersonic relative inflow,

Verdon (1989)) for the +90 dog IBPA and is superres-

onant (waves decay away from the blade row, Verdon

(1989)) for the -90 dog IBPA with resonance at -102.1

deg. The +90 deg was analyzed using the Fourier de-
composition method with one, five, and 11 Fourier coef-

ficients, as well as with time-shifted method. A Fourier-

decomposition analysis was carried out using 15 coe.ffi-

dents also, but the results were found to be identical to

the Ii coefficient analysis.

The comparison of the total work convergence history

for the four analyses is shown in Fig. 7. For sake of com-

putational cost the analysis was carried out for only 18
oscillation cycles. Even though the flowfield is not com-

pletely converged after 18 cycles, the disturbances appear

to be dying out. The 11 coefficient analysis compares very
well with the time-shifted analysis.

The one and five coefficient analyses show small differ-

ences. Interestingly the total work calculated using only
one coefficient compares very favorably with time-shifted

analysis and also converges faster. However, significant
differences are found for the unsteady pressures between

the results from one coefficient analysis and the other

three analyses. The first and second harmonics of the

blade surface unsteady pressure differences at mid span

are shown in Fig. 8. The first harmonic pressure shows

good comparison between the four analyses over most of

the blade chord. Over the last 10-12 % of the chord,

one coefficient analysis shows differences in both real and
imaginary pressures. The second harmonic of the pressure

difference, on the other hand, shows significant differences

between the one coefficient Fourier analysis and the other
three analyses. The time-shifted, five and 11 coefficient

analyses show good comparison with each other over most:
of the chord, with some minor differences near the trail-

ing edge for the five coefficient analysis. The 11 coefficient

analysis compares very well with the time-shifted method,
hence in all future analyses 11 coefficients were used.
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The analysis was next carried out for the -90 deg IBPA.

The variation of total work is shown in Fig. 9 for both

time-shifted analysis and the Fourie_ decomposition anal-

ysis using 11 coefficients. The analysis was again car-
fled out for 18 vibration cycles. The time-shifted method

shows convergence, whereas the Fourier decomposition

method does not. Thus indicating that for this condi-

tion the Fourier decomposition method is computationally
more expensive than the time-shifted method. The total

work from both the methods are comparable even though

the Fourier decomposition analysis has not totally con-
verged. The first and second harmonics of the unsteady

pressure difference at mid span are shown in Fig. 10. The

compa_4.son between the two methods is good except over

the last 10-15% of the blade chord near the trailing edge.

During parts of the oscillation cycle a shock appears in

this region of the blade along with passage shocks at the
fluid periodic botmda_es upstream of the blades. The

flowfield also showed the passage to be choked for parts
of the oscillation. These flow features indicate that the

flowfield behavior may be nonlinear. For the +90 deg

IBPA, shocks were present but neither choked flow nor

passage shocks at the fluid periodic boundaries were ob-
served. Despite the presence of shock and choked flow

conditions the method of superposition provides compa-

rable results for this configuration. However, it should be

noted here that the geometry without loading and flow

turning is simplistic. Further investigations with realistic

geometry needs to be carried out to understand in more
detail the influence of nonlinearities on the Fourier de-

composition method.
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Figure 8: Comparison of unsteady pressure difference
variation with chord for M¢==1.3 and +90 deg IBPA
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CONCLUSIONS

Two phase-lagged boundary condition methods have

been succes_ully implemented into the TI/R.BO-AE, an

Euler/Navier-Stokes based aeroelastic solver. Both these

methods along with the multiple passage analysis method
have been applied to an identical geometry to investigate

the accuracy and efficiency of the various methods. Com-

paring the results obtained from these methods it was

found that all the methods provide equally accurate re-

sults, for the subsonic relative inflow condition. For the

supersonic relative inflow the presence of a shock was in
itselfnot sufficientto invalidatethe Fourierdecomposi-

tionmethod. The errorshatroducedby superpositionwere

negligibleiflargenumber of Fouriercoe_ffidentswere in-

cluded in the analysiseven for flowswith shocks at the

periodicboundaries and choked flow conditions.

The study alsoshowed that the phase lagged methods

significantlyreduce the computational cost as compared

to the multiple passage analysis. These savingswillbe

much more significantfor smallerIBPAs. The CPU cost

of the time-shiftedmethod was found to be comparable

to that ofthe Fourier decomposition method. However,

because of the largereduction in memory requirements,

itisrecommended that for flowfieldswhere superposition

isnot ofconcern,Fourier-decompositionmethod be used.

For flows with nonlinearitiesmore study is required to

furtherquantifythe nature of the flowfieldfor which the

Fourierdecomposition method may break down.
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Figure 10: Comparison of unsteady pressure difference

variation with chord for Mo==l.3 and -90 deg IBPA
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Version

4 Passages, in core

storage

CPU time/

time-step

CPU time for

convergence

7 hrs 45 min$

CPU Mem.

67 Mws27.36 sees

Time-Shifted, in core 6.94 sees 2 hrs 30 rains 34 Mws

storage

Time-Shifted, ssds 6.98 sees 2 hm 35 mins 15 Mws
used for I/0 of BCs

Fourier-Decomposition 74 sacs 4 h_ lS uws
1 Coefficent, 1 update

"Fourier-Decomposition 7.67 secs 2 hrs 15 rains 16 Mws
1 Coefficent, 4 updatesi

Table h Comparison of computer resources required by various methods for M_=0.7 and -90 deg IBPA
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ABSTRACT

In the present work the unsteady aerodynamic char-
acteristics of harmonically oscillating fan blades are in-

vestigated by applying a time-shifted boundary condition
at the periodic boundaries. The direct-store method is

used to implement the time-shifted boundary condition

in a time-marching Euler/Navier-Stokes solver. Invisdd

flow calculations for a flat plate helical fan, in a single-

blade passage domain, are used to verify the analysis.

The results obtained show good correlation with other

published results as well as with the same solver using

multiple blade passages stacked together. Significant sav-
ings in computer time is realized, especially for smaller

phase angles.

INTRODUCTION

The objectives of the Advanced Subsonic Technology

(AST) project, funded by NASA, is to improve the effi-
ciency of the turbomachines and reduce the NOX emis-

sions. To satisfy these objectives, numerical aeroelastic

analysis methods for turbomachinery applications are cur-
rently being developed at NASA Lewis Research Cen-

ter. Numerical aeroelastic analysis methods have pri-

marily been developed fortwo-dimensional cascades,rep-

resentativeof turbomachinery configuration(forexam-

ple,Platzer 1978, Sisto 1977, Fleeter1979, and Bendik-

sen 1990, among others). These methods are inade-

quate for an accurate analysis as they ignore the strong

three-dimensional flow charanteristics present in a tuxbo-

machine. The large computational cost associated with

"Senior Research Associate, also Resident Research Associate,
NASA Lewis Research Center
t Distinguished University Professor
_Machine Dynamic= Branch

three-dimensional analysis, has restricted the primary fo-

cus for the three-dimensional aeroelastic analyses, over

the years, to predicting unsteady aerodynamic forces,
assuming the unsteady behavior to be linear. Several

methods for calculating the unsteady aerodynamic loads

over vibrating blades have been reported in the literature

by solving linear potential equations (Namba 1987, Chi

1993), linearized Euler equations (Hall and Lorence 1993,

Montgomery and Verdon 1997) and non-linear Euler and

Navier-Stokes equations (He and Denton 1994, Peitsch,

Gallus and Weber 1996, and Bakhle et al. 1996 & 1997).
A good review of analytical methods for turbomachinery

blade vibrations is given by Chi (1993).

Some three-dimensional aeroelastic analyses of turbo-

machinery components have also been reported. Carta

(1967),used a quasithree-dimensionalapproach by stack-

Lug two-d£mensionalstripsof isolatedairfoil Vf'dliams

Cho (1991) reported an analysisbased on linearpanel

method and solvedthe aeroelasticequation using a pulse

and influencecoefficientapproach. Recengly, methods

based on Euler analysishave been reported by Geroly-

mos (1992),Srivastavaand Reddy (1995)and Srivastava,

Reddy and Stefko(1996). Srivastavaand Reddy (1997)

have alsoappliedvariousaeroelasticanalysistechniques

forflutteranalysisofa ducted rotorconfigurationand in-

vestigatedthe advantages and disadvantages of each of
the methods.

With the exception of He and Denton (1994) and

Bakhle et ad (1997), all the other methods reported in

the literature, ignore the effects of viscosity. He and Den-
ton (1994) have used thin layer approximation to include

the effects of viscosity in their calculations. To accu-
rately model flows with separation due to stall or shock

boundary layer interaction an aeroelastic analysis pro-

Presented at the International Gas Turbine & Aeroengine Congress & Exhibition



gram TT_-IR.BO-A.E, based on full Navier-Stokes equations,

ks currently being developed at NASA Lewis Research

Center. The numerical analysis within the TUR.BO-AE

pro_m, couplesan aerodynamic analysisbased on three-

dimensionalunsteady Euler/Navier-Stokesequationswith

a normal mode structuralanalysis.The aeroelasticchar-

acteristicsare obtained by calculatingthe energy ex-

change between the rotorand the surroundingfluid.

The detailsofthe TURBO-AE program alongwith sev-

eralresultshave been reported by the authorsofthispa-

per in Baklfleet ai(1996, 1997). This analysiscan an-

aly-zeflutterfor allthe possibleinter-bladephase angle

(IBPA). The number ofIBPAs possibleforany given ro-

tor isidenticalto the number ofbladesinthe rotor(Lane

1956). For the non-zero IBPA calculations,the analysis

stacksthe requirednumber of blade passagesto simulate

the motion with appropriateIBPA. This isa cumbersome

and time consuming process. To improve the efficiency

of the solution,a time-shiftedboundary conditionisbe-

ing added to the TURBO-AE solver.In thismethod all

the possibleIBPA calculationscan be performed using a

single blade passage by applying a time-shiftedboundary

condition across the periodic boundaries of the passage.

Several researchershave reported methods in two-

dimensions forusingtime-shiftedperiodicboundary con-

ditionsto reduce the computational domain. F.rdoseta].

(1977)were the firstto develop a method based on direct

storemethod. An alternativeapproach to the problem

ofthe laggedperiodicboundary conditionwas developed

by Giles (1988).The time-inclinedcomputational plane

approach of Gileswas primarilyto overcome the problem

encountered in rotor-statorapplications,where no final

periodic stateexists.He (1989),in order to reduce the

storagerequirement ofthe direct-storemethod, proposed

a shape-correctionmethod, wherein, only the Fourierco-

e/_cientsofthe unsteazlyvariation(_fthe fluidproperties,

at the periodicboundary, were stored.The method ofHe

(1989)was ex_ended tothree-dimensions by He and Den-

ton (1994). Peitsch,Gallus and Weber (1996)have also

reported a method for time-shiftedboundary condition
fortheirthree-dimensionalEuler solver.Their method is

based on direct-storemethod, but in orderto reduce the

storagerequirementsa _footholdtechnique"isused. Ino

stead ofstoringthe fluidpropertiesoverthe entirecycle,

the propertiesare stored at a small number offoothold

points.The propertiesat other time stepsduringthe cy-

cleareobtained by interpolationfrom thenearestfoothold

points.

In the presentwork, the time-shiftedboundary condi-

tion has been incorporatedwithin the TUR.B0-AE pro-

gram using the direct-storemethod. To verifyand val-

idate the solver,itisapplied to a flatplatehelicalfan

operating in subsonic conditions. This provides for a re_

sonably good test case as there are some numerical result

that have been published for this geometry. The flat plat

helical fan, and the operating conditions are such that th

mid span section of the fan has very near two-dimensiona

flow, at zero incidence, over it. Results obtained for th,

fan are compared with numerical results from linear the

ory (Smith 1972) and lineaz'ized Euler analysis (Mont

gomery and Verdon lgg7), as well as with results obtalne<

using the multiple passage option of TURBO-AE (Bakhh

et ad 1997). To reduce the computational cost, the result.,

are obtained using inviscid calculations.

THE TURBO-AE CODE

The aerodasticsolverTURBO-AE isdescribedin brief

in this section.Interestedreaders may referto Bakhle

et a/ (1996, 1997) for greater details. TURBO-AE is
based on an Euler/Navier-Stokesunsteady aerodynamic

solver TURBO (Janus 1989), for internalflow calcula-

tionsofaxialflowturbomachinery components. TURBO-

AE can model multipleblade rows undergoing harmonic

oscillationswith arbitrary IBPAs. The aerodynamic

loads are obtained by solving the unsteady Euler or

Navier-Stokes equations. For the viscous calculations,

Reynolds-averaged Navier-Stokes equations are solved.

The Baldwin-Lomax equationsare used to model the tur-

bulence. The aerodynamic equations are solvedusing a

finitevolume scheme. Flux vector splittingisused to
evaluate the fluxJacobians on the lefthand side. The

righthand sidefluxesare discretizedusing the hig_heror-

der Total VariationDiminishing (TVD) scheme based on

Roe's fluxdifferencesplitting.Newton sub-iterationsare

used at each time step to maintain the higher accuracy.

Symmetric Gauss-Sideliterationsare applied to the dis-

cretizedequations.A newly developed three-dimensional

non reflectingboundary condition(Montgomery and Yer-

don 1997) is appliedat the upstream and downstream

boundary. The blade motions are at a prescribedfre-

quency, and are simulated using dynamic grid deforma-

tion technique.The gridisupdated at each time step by

recalculatingthe gridusing linearinterpolation,assuming

the farfieldboundaries tobe fixed.The gridson the cas-

ing are,however, allowed to slidealong the casing.The
aeroelasticcharacteristicsofthe rotorare obtainedby cal-

culatingthe energyexchange between the vibratingblade

and itssurrounding fluid.A positivework on the blade

indicatesinstability.

TIME-SHIFTED BOUNDARY CONDITIONS

In the work reported by Bakh]e et M (1997),the non-

zero IBPA analysiswas carriedout by stackingthe re-

quired number ofblade passages. For smallerIBPA anal-
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ysis, depending upon the number of blades in the rotor,
the required number of passages could be very large and

computationally prohibitive.To alleviatethis problem,

a time-shiftedboundary condition based on direct-store

method, has been implemented into the analysis.Since

the time-shiftedboundary conditionanalysisis carried

out using a singlepassage for any IBPA, the computa-

tionalcostissignificantlyreduced, especiallyfor smaller

IBPA analysis.

The Fourier decomposition of the fluidproperties,as

inthe shape-correctionmethod ofHe and Denton (1994),

assumes linearityofthe fluidproperties.This could lead

to inaccuraciesfor strongly non-linearflowsat the peri-

odic boundary such as presence of a shock. Also, since

the coefficientsare calculatedat the end of each cycle,

the applicationof the boundary conditionsare lagged by

one fullcycle.

In the present analysis,the periodicboundary condi-

tionsare lagged only by the phase on one surfaceand by

thedifferenceof360 ° and phase on the other.The reduced

lag inboundary condition applicationhelps achievecon-

vergence faster.At the beginning ofthe analysis,where

the laggedfluidpropertiesare not available,the instanta-
neous valuesare used. This introducessome initialerrors

that are driven out of the computational domain within

a few cyclesof oscillation.These initialerrorsresultin

increasednumber ofoscillationsfor convergence as com-

pared to the originalanalysis with multiple blade pas-

sages.The largestoragerequirements ofthe direct-store

method can be _ed by writingthe fluidproperties

on to the solidstate devices (ssds),ratherthan storing

them incore memory. The ssds on CRAY C-90 allowfor

largeinput-outputswithout any appreciabledegradation

in code performance.

NUMERICAL I_ESULTS

Sample resultsobtained from TURBO-AE time-shifted

analysisfor the flatplate helicalfan configuration,used

by Montgomery and Verdon (1997),are presentedin this

section.The helicalfan consistsoffiatplatebladeswith

zerothicknessenclosedwithin a rigidcylindricalduct with

no gap between the blade tipand the duct.The bladesare

twistedtomaintain a zero incidenceatallsectionsforthe

inflow. The inflow relative Mach number at midspan is

0.7 with the free stream axial Mach number being 0.495.

The stagger angle at mid-span of the cascade is 45 °, and

the gap-to-chord ratio is unity for a rotor with 24 blades
and a diameter of 8.448. The hub to tip ratio is 0.8.

The grid used for the analysis is an H-O type grid with

141 points in the streamwise direction, 11 grid points in

the spanwise direction and 41 points in the blade to blade

direction.The aeroelasticanalysisiscarded out by first

obtaininga steadyaerodynamic solutionforthe givencon-

ditions.From thissteady solution,the unsteady solution

isstartedby forcingthe blades to undergo the harmonic

motion at the given frequency,mode shape and IBPA.

The unsteady aerodynamic behavior,aswell aswork-per-

cycleiscalculatedforthe oscillatingblades.

In the firstfew calculations,the code isverifiedby oh-

takdng the unsteady behavior ofthe bladesundergoing ei-

ther pure pitchingmotion or pure plunging motion. The

plunging motion isnormal to the blade chord at mid-

span and isof constant amplitude for the entirespan.

The pitchingmotion isabout the mid chord. The non-

dimensionalfrequencyofoscillation,based on bladechord

for these analyseshas been taken as unity. An oscilla-

tionamplitude of0.2° forpitching and 0.170ofchord for

plunging was used. Itwas found that 200 steps per os-

dilationcyclewere required to eliminatedependency on

time steps.Also,forthe multiplepassage analysis,itwas

•found that a minimum of four to fiveoscillationcycles

were requiredto obtain a converged solution.The work-

per-cycleconvergenceisshown inFig. iforthreedifferent

time steps.Reducing the time step from 100 stepsper os-

cillationcycleto 200 steps,a large differenceinwork is

seen. However, reducing the time step furtherdoes not

impact the solutionsignificantly.Therefore,in allsubse-

quent calculations,200 time stepsper oscillationcycleare

used.

Figures2 -5 show the variationofthe unsteady pressure

along the chord at mid-span. The variationof the first

harmonic ofrealand imaginary parts ofthe differenceof

the unsteady pressurebetween the pressure and suction

surfacesisplottedagainst the chord. These resultsare

obtained without using the time-shifted boundary condi-

tions and are presented here for validation purposes of the
unsteady calculations of the code. For the non-zero IBPA,

the required number of passages were stacked for these
analyses. As can be seen, good comparison is obtained

with the linearized Euler analysis (Montgomery and Vet-

don 1997) and the analytical results (Smith I972). These
figures indicate that the unsteady behavior of the solver

compares well with other published results.

To obtain the time-shifted results, the analysis was

carried out for various IBPAs for both the pitching and

plunging cases. Some of these results are presented here
for verifying and validating the method. The total work at

the end of each cycle was monitored to obtain the conver-

gence. The variationof totalwork-per-cyclewith vibra-

tioncyclefor-90°IBPA isshown inFig. 6.Also,shown in

thisfigureisthe variationobtained from the fourpassage

analysis. It can be seen that the time-shifted analysis re-

quires several more vibration cycles to reach convergence.
Typically, the multiple passage analysis showed conver-



gence in 4-5 cycles,whereas, the time-shiftedanalysisre-

quired %10 cyclesto reach convergence. This isto be

expeczed. For the multiple passage analysis _he bound-

ary conditions from the start are applied appropriately
at the fluid interfaces. On the other hand, for the time-

shifted analysis, the lagged fluid properties at the begin-

ning of the solution are not available, hence, inaccurate

boundary condition is applied at the start of the analysis.
The errors introduced because of this inherent drawback

of the method, require longer to move out of the calcu-

lation domain, thus requiring more cycles of oscillations

for convergence. From this figure one can also see that

the work obtained from all the passages of the multiple

passage analysis are same once the solution has reached

convergence. It should be noted here that, even though,

the multiple passage analysis requires approximately half

the oscillation cycles for convergence, it has to use four

blade passages. This in turn results in the multiple pas-

sage analysis requiring approximately twice the CPU time
for this case.

The real and imaginary parts of the unsteady pressure
difference for the two methods are compared with each

other in Figs. 7 & 8 for 180 ° IBPA for pitching and plung-

ing motion, and in Figs. 9 & 10 for 90 ° and -90 ° IBPAs for

pitching oscillation. Also shown in Figs. 9 A_ 10 are results
from linearized Euler (Montgomery and Verdon 1977) and

linear theory (Smith 1972) for comparison purposes. In

all four cases good comparison is obtained, in fact for

most of the solutions the results are indistinguishable.

For the 90 ° IBPA, problem was encountered in conver-
gence. This case isa superresonant conditionand hence

had some reflectionsfrom the upstream boundary. Even

though non-reflectingboundary conditionsare used, the

radialmodes are not accounted for in the analysis.This

resultsin some reflectionsfrom the boundary. Because

ofthisthe computations requiredlongerfor convergence.

This was observed for both the multiplepassage analysis

as well as the time-shiftedboundary conditioncase.

The analysiswas carriedout for 45° and -45° IBPA

as we]]. These resultsalso compared well with the lin-

ear resultsof Smith (1972). One interestingfact seems

to emerge by comparing the convergence characteristics

ofthe time-shiftedboundary calculations- irrespectiveof

the IBPA of motion, the convergence isachieved within

seven to 10 oscillationcycles.This isshown in Fig. 11.

This implies that potentialsavings are quite large for

smaller IBPAs sincethey requirelargernumber of pas-

sages for the multiplepassage analysis.The break even

point,in terms ofcomputational costs,seems to be 180°

IBPA. The number of oscillationsfor thiscase,required

for time-shiftedanalysisis approximately twice that of

the two passage analysis,resultingin roughly equal CPU

requirements.

All of the above computations were carriedout on

CRAY C-90 computer at the NAS fa_ity ofNASA. Fo

the time-shiftedanalysisapproximately 15 minutes wer

requiredper oscillationcycleper passage. A totalof7,

Mw ofmemory was requi_edfor in-corestorageofbound

ary conditiondata_whereas only 35 Mw were requiredi

the ssdswere used.

CONCLUSIONS

A time-shiftedboundary condition has been success

fullyimplemented intothe TURBO-AE, an EuierFNavier.

Stokesbased aeroelasticsolver.Although, the directstor_

method has been implemented, the largestoragerequire_

ments are not needed because the data is writtenand

read from the solid-stateinput-output deviceson Cray

computer. The solverhas been verifiedby applying it

to a flat plate helical fan geometry. The results indicate

that the time-shifted boundary conditions have been im-

plemented satisfactorily and provide solutions that are in

good agreement with other published results and the mul-

tiple passage analysis.
The analysis showed that significant computational

time can be saved using this procedure over the method

of stacking the blade passages for analyzing the non-zero
IBPA. Even though the number of oscillation cycles re-

quired for convergence are higher for the time-shifted

boundary conditions, the overall computational cost is re-

duced significantly, since only one passage is used in the

analysis. It was also found that for the present geome-

try, the number of oscillations required for convergence

were not strongly coupled to IBPA of analysis and for the
cases analyzed, the number of oscillations required were

of the order of seven to ten. However, one must be cau-

tioned that this conclusion may not hold strictly for other

geometries.
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Abstract Introduction

This paper presents representative results from an
aeroelastic code (TURBO-A.E) based on an

Euler / Navier-Stokes unsteady aerodynamic code

(TURBO). Unsteady pressure, lil_, and moment

distributions are presented for a helical fan test

configuration which is used to verify the code by

comparison to two-dimensional linear potential (flat

plate) theory. The results are for pitching and

plunging motions over a range of phase angles. Good

agreement with linear theory is seen for all phase

angles except those near acoustic resonances. The

agreement is better for pitching motions than for
plunging motions. The reason for this difference is

not understood at present. Numerical checks have

been performed to ensure that solutions are

independent of time step, converged to periodicity,

and linearly dependent on amplitude of blade motion.

The paper concludes with an evaluation of the

current state of development of the TURBO-AE code

and presents some plans for further development and
validation of the TURBO-AE code.
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There is an ongoing effort to develop technologies to

increase the fuel efficiency of commercial aircraft

engines, improve the safety of engine operation,

reduce the emissions, and reduce engine noise. With

the development of new designs of ducted fans,

compressors, and turbines to achieve these goals, a

basic aeroelastic re.quirement is that there should be
no flutter or high resonant blade stresses in the

operating regime. In order to verify the aeroelastic

soundness of the design, an accurate prediction of the

unsteady aerodynamics and structural dynamics of

the propulsion component is required. The complex

geometry, the presence of shock waves and flow

separation makes the modeling of the unsteady

aerodynamics a difficult task. The advanced blade

geometry, new blade materials and new blade

attachment concepts make the modeling of the

structural dynamics a difficult problem.

Computational aeroelastic modeling of fans,

compressors, and turbines requires many simplifying

assumptions. For instance, flutter calculations are

typically carried out assuming that the blade row is

isolated. This simplifies the structural dynamics

formulation and the unsteady aerodynamic

calculations considerably.

For an isolated blade row flutter calculation, the
modeling of the unsteady aerodynamics is the biggest

challenge. Many simplifying assumptions are made
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in the modeling of the unsteady aerodynamics. In the

past, panel methods based on linear compressible

small-disturbance potential theory have been used to

model the unsteady aerodynamics and aeroelasticity

of fans in subsonic flow; see for example [1,2].The

major limitations of this type of analysis are the

neglect of transonic, vortical, and viscous flow effects

in the model. These inherent limitations in the model

preclude its use in a majority of practical

applications. A full potential unsteady aerodynamic

analysis has been used with a modal structural

dynamics method to model the aeroelastic behavior of

fan blades [3,4]. Although the full potential

aerodynamic formulation is able to model transonic

effects (limited to weak shocks), the vortical and

viscous effects are still neglected. For example, the

blade tip vortex, or a leading-edge vortex is not

modeled. Recently, researchers [5-10] have also

developed inviscid and viscous unsteady aerodynamic

analyses for vibrating blades.

For aeroelastic problems in which viscous effects play

an important role (such as flutter with flow

separation, or stall flutter, and flutter in the presence

of shock and boundary-layer interaction), a more

advanced aeroelastic computational capability is

required. The authors of this paper have earlier

presented [11] some results from the TURBO-AE

aeroelastic code. Initial calculations were restricted

to in-phase (zero phase angle) blade motions and

inviscid flow. In a later paper [12], results were

presented for zero and non-zero phase angle motions

and viscous flow. In these calculations, multiple

blade passages were modeled for non-zero phase

angle motions. Most recently [13], results have been

presented using a single blade passage with phase-

lag periodic boundary conditions to model arbitrary

phase angle motions.

This paper presents unsteady pressure, lif_, and

moment distributions due to blade vibration over a

range of phase angles for verification of the TURBO-

AE aeroelastic code. For non-zero phase angle

motions, phase-lag periodic boundary conditions are

used. The configuration selected is a helical fan. The

geometry and flow conditions are chosen to minimize

non-linear and three-dimensional effects since the

intent is to verify the code by comparison with two-

dimensional linear potential (flat plate) theory.

Aeroelastic Code - TUR_O-AE

This section briefly describes the aeroelastic code

(TURBO-AE); previous publications [11-13] provide

additional details.The TURBO-AE code is based on

an unsteady aerodynamic Euler/Navier-Stokes code

(TURBO), developed separately [14,15].The TURBO

code provides all the unsteady aerodynamics to the

TURBO-AE code.

The TURBO code was originally developed [14] as an

inviscid flow solver for modeling the flow through

turbomachinery blade rows. Additional developments

were made [15] to incorporate viscous effects into the

model. This Reynolds-averaged Navier Stokes

unsteady aerodynamic code is based on a finite

volume scheme. Flux vector splitting is used to

evaluate the flux Jacobians on the left hand side of

the governing equations [14] and Roe's flux difference

splitting is used to form a higher-order TVD (Total

Variation Diminishing) scheme to evaluate the fluxes

on the right hand side. Newton sub-iterations are

used at each time step to maintain higher accuracy.

Symmetric Gauss-Seidel iterations are applied to the

discretized equations. A Baldwin-Lomax algebraic

turbulence model is used in the code.

The TURBO-AE code assumes a normal mode

representation of the structural dynamics of the

blade. A work-per-cycle method is used to determine

aeroelastic stability (flutter). Using this method, the

motion of the blade is prescribed to be a harmonic

vibration in a specified in-vacuum normal mode with

a specified frequency (typically the natural

frequency). The work done on the vibrating blade by

aerodynamic forces during a cycle of vibration is

calculated. If work is being done on the blade by the

aerodynamic forces at the end of a vibration cycle, the

blade is dynamically unstable, since it will result in

extraction of energy from the flow, leading to an

increase in amplitude of oscillation of the blade.

The inlet]exit boundary conditions used in this code

are described in [16-18]. For cases in which the blade

motions are not in-phase, phase-lag periodic

boundary conditions based on the direct store method

are used.

Results

In this section, results are presented which serve to

verify the TURBO-AE code. The test configuration

selected is a helical fan [16]. This configuration

consists of a rotor with twisted flat plate blades

enclosed in a cylindrical duct with no tip gap. This

configuration was developed by researchers [16] to

provide a relatively simple test case for comparison
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',v_th two-dimensional analyses. The geometo" is such

that three-dimensionality of the flow is minimized.

The parameters of this three-dimensional

configuration are such that the mid-span location

corresponds to a flat plate cascade with a stagger

angle of 45 deg. and unit gap-to-chord ratio operating

in a uniform mean flow at a Mach number of 0.7

parallel to the blades. The rotor has 24 blades with a

hub/tip ratio of 0.8. The inlet flow (axial) Much

number used in this calculation is 0.495, which

results in a relative Much number of approximately

0.7 at the mid-span section. The results presented

are for inviscid runs of the TURBO-AE code.

The grid used for the calculations is 141xl1×41 in

one blade passage. On each blade surface, 81 points

are located in the chordwise direction and 11 points

in the spanwise direction. The inlet and exit

boundaries are located at an axial distance of

approximately 0.7 chord lengths from the blade

leading and trailing edges. To begin, a steady

solution is obtained for this configuration. The steady

flowfield consists of uniform flow at each radial

location.

Aeroelastic calculations are performed starting from

the steady solution. Calculations have been

performed for harmonic blade vibration in plunging

and pitching modes, separately. The pitching is about

the mid-chord. The prescribed mode shapes are such

that the amplitude of vibration does not vary along

the span. This choice of mode shapes is meant to

reduces the three-dimensionality of the unsteady

flowfield for ease of comparison with two-dimensional

analyses.

The vibration frequency is selected so that the non-

dimensional reduced frequency based on blade chord

is 1.0 at the mid-span. A study was performed to

determine the sensitivity of numerical results to the

number of time steps used in each cycle of blade

vibration. Calculations were done with 100, 200, and

300 time steps per cycle of vibration for 0 deg. phase

angle plunging motion. The time step was varied so

as to keep the vibration time period (or frequency)

fixed. Figure 1 shows the work-per-cycle from this

study. As the flowfield reaches periodicity, it can be

seen that the results are nearly identical for 200 and

300 time steps per cycle. These results differ slightly

from the results for 100 time steps per cycle. Figure

2 shows the unsteady pressure difference for the

same three numbers of time steps per cycle. The

results for 200 and 300 time steps per cycle are

indisnnguishable. Based on such calculations, it was

determined that 200 time steps per cycle provided

adequate temporal resolution for the selected

vibration frequency. All results presented here have

been obtained using 200 time steps per cycle.

The non-dimensional time step used in the

calculations (with 200 time steps per cycle) is 0.045,

which results in a maximum CFL number of 60.5.

The amplitude of blade vibrations in the calculation

is a pitching amplitude of 0.2 dog. or a plunging

amplitude of 0.1% chord. In all cases, calculations

were continued for a number of cycles of blade

vibration to allow the flowfield to become periodic.

Initial calculations with phase angles of 0, 45, 90,

135, 180, 225, 270, and 315 deg. were continued for

15 cycles of blade vibration to ensure periodicity.

Later calculations with intermediate phase angles

(22.5, 67.5 ..... and 337.5 deg.) were continued only

for 10 cycles of blade vibration due to insufficient

computational resources. In an earlier study [13], it

was shown that, for the various phase angles studied,

the flowfield became periodic after about 7-10 cycles

of blade vibration. Hence, the 10 or 15 cycles used in

the present work were considered adequate to reach

periodicity.

Figure 3 shows the unsteady moment about mid-

chord (in complex form) for pitching blade motion

about the mid-chord. These results are from the mid-

span location and were calculated using the first

harmonic of the unsteady blade surface pressure

difference. Semi-analytical results from two-

dimensional linear potential (flat plate) theory [19]

are included for comparison.

The overall level of agreement between TURBO-AE

results and linear theory is very good, with

exceptions to be discussed in the following paragraph.

For subsonic flows and small amplitude of blade

motions, it is expected that there will be no

significant difference between the Euler and linear

potential results. Hence, the observed agreement is

not surprising and provides a basic verification of the

TURBO-AE code. It may be noted that the

parameters of the present configuration were

selected [16] to allow exactly this type of a

verification by comparison to two-dimensional

analyses.

In Figure 3, some deviation from linear theory is seen

in the results for phase angles of 112.5 and 135 dog.,

and to a lesser extent for phase angles of 157.5 and

315 deg. All these phase angles fall near conditions of
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acoustic resonance [or cut-off conditions> in the

corresponding two-dimensional flat plate cascade.

The acoustic resonances occur at phase angles of

107.3 and 330.6 deg.;these values are marked on the

phase angle axis of Figure 3 for reference.The phase

angles between these resonances are associated with

sub-resonant [20] (cut-off) conditions in which all

disturbances attenuate away from the cascade. No

disturbances propagate in the upstream or

downstream directions under sub-resonant

conditions. The phase angles between 0 and 107.3

deg. and between 330.6 and 360 deg. are associated

with super-resonant (cut-on) conditions in which at

least one disturbance propagates in either the far

upstream or downstream direction.

The significance of the sub-resonant and super-

resonant conditions to computational aeroelasticity

can be explained as follows. Since the typical

computational domain does not extend very far from

the blade row or cascade, the inlet/exit boundary

conditions must minimize (or eliminate) the

reflection of disturbances generated by the vibration

of the blades. For sub-resonant conditions, it may be

possible to reduce the reflected disturbances by

moving the boundary farther away from the blade

row. This is not possible for super-resonant

conditions. From Figure 3, it can be seen that the

results from TURBO-AE agree well with linear

theory for both sub-resonant and super-resonant

conditions. It may be also recalled that the

computational inlet/exit boundaries are located quite

near (0.7 axial chord lengths from leading/trailing

edges) the blade row in the present calculations.

Figure 4 shows the unsteady lift (in complex form) for

plunging blade motion. As noted for the pitching

results, these results are als0 from the mid-span

location and were also calculated using the first

harmonic of the unsteady blade surface pressure

difference. Results from linear potential theory are

included in Figure 4 for comparison. The overall level

of agreement with linear theory is good, but not as

good as that for pitching motion (Figure 3). The

source of such a difference between the plunging and

pitching results is not understood. However, such

differences in agreement have been noted by other

researchers [16,17] for a different configuration. In

addition, deviations are observed close to the acoustic

resonances, as for pitching.

Results are presented for phase angles values

between 0 and 360 deg. in steps of 22.5 deg. In each

case, the linear theors- results are included for

comparison. In most cases, the agreement with linear

theory is very good. The exceptions occur at phase

angles near acoustic resonance conditions, as noted

earlier in the description of the unsteady moment

(Figure 3). It is worth noting that, in this case, the

integrated results in Figure 3 accurately represent

the level of agreement with linear theory, without

obscuring any differences in the details of the

pressure distributions.

Figure 6 shows the unsteady blade surface pressure

difference (in complex form) for plunging blade

motion. The level of agreement with linear theory is

not as good as for pitching, as reflected in the

unsteady lift (Figure 4). The most serious deviations

from lineax theory are restricted to the phase angles

near conditions of acoustic resonance.

Some of the results for plunging motion (Figure 6)

show an irregular (unsmooth) variation in the

unsteady pressure distribution which is not seen in

any of the results for pitching motion (Figure 5). This

uneven variation can be seen in the plunging results

in Figures 6b, 6d, 6f, 6h, 6j, 61, 6n, and 6p for phase

angles of 22.5, 67.5, 112.5, ... , and 337.5 deg. One

common characteristic of these results is that these

were all generated on a workstation and may

therefore suffer f_om some precision-related

numerical problem. However, it is surprising to note

that the corresponding results for pitching motion

(also computed on a workstation) are quite smooth

and do not show such unevenness. A re-calculation of

selected plunging results on a super-computer does

indeed eliminate the unevenness in pressure

variation, but the pressure distributions remain

substantially unchanged from those presented in

Figure 6.

Note that all the TURBO-AE results presented are

the first harmonic components of the unsteady

variations. The higher harmonics are extremely

small for these calculations, indicating the linearity

of the unsteady flow. Previous results [12] had shown

a nonlinear dependence on amplitude for certain

cases for pitching amplitudes of blade vibration of 2

deg., but not at the 0.2 deg. amplitude used in the

present calculations.

Figure 5 shows the unsteady blade surface pressure

difference (first harmonic) at the mid:span location

for pitching blade motion about the mid-chord.

To investigate the effect of some numerical

parameters on the results for phase angle of 112.5

deg. (where the maximum deviation from linear
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_heory is obser_:ed),the following calculations were

done. The number of time steps per cyclewas doubled

from 200 to 400, with a corresponding halving of the

time step. The unsteady pressure results showed no

changes within plotting accuracy, indicating

adequate temporal resolution. Similarly, the number

of cycles of oscillationwas doubled from i0 to 20 to

examine possible lack of periodicity. No change in the

unsteady pressure results was observed within

plotting accuracy. The deviations in the regions of

acoustic resonances may possibly be reduced by the

use of finer grids. But, such a grid refinement study

has not yet been performed.

Concluding Remarks

This is being done in collaboration with other

researchers. Also, it is necessary that the TUKBO-AE

code be exercised to evaluate its ability to analyze

and predict flutter for conditions in which viscous

effects are significant. This werk is also currently in

progress.
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An aeroelastic analysis code named TURBOoAE has

been developed and is being verified and validated.

The starting point for the development was an

Euler/Navier-Stokes unsteady aerodynamic code

named TURBO. Some verification has been done by

running the code for a helical fan test configuration.

Results have been presented for pitching and

plunging blade motions over a range of phase angles.

The results compare well with results from a linear

potential analysis. This agreement is expected for

subsonic flows for which the calculations were made

and for the relatively small amplitudes Qf blade

motion.

The agreement is not as good for plunging motion as

for pitching motion. The reason for this difference is

not understood at present. Also, deviations are

observed for values of phase angles near acoustic

resonance conditions. The solutions are shown to be

independent of the time step, converged to

periodicity, and linearly dependent on amplitude of

blade motion. This test case provides a basic

verification of the TURBO-AE code. It also shows the

need to perform a grid refinement study as a possible

way to resolve the deviations from linear theory near

acoustic resonance conditions and for plunging

motion. For plunging motion, some results are

affected by precision-related numerical problems, as

seen from uneven pressure distributions. But, the

elimination of these precision problems does not

change the pressure distributions substantially,

apart from making the variations smooth.

It is necessary to further verify the TURBO-AE using

different standard test configurations to compare

with experimental data and other code predictions.
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FSgure 6 (continued): Unsteady pressure difference (first harmonic) for plunging motion.

1.0

10

American Institute of Aeronautics and Astronautics


